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abstract 

A relationship between the atmospheric general 

geophysical hydrodynamic experiments was sought by ‘ 

find a relationship between wave number and temperature gra 
at Bid-latitudes at 500 mb. To this end data were gathered from 

four winter seasons and analyzed, me a .. 

to provide convincing support for the hypotheses of a direct 
relationship between wave number and temperature gradient, altho^ 
an indication that the transient waves may be so related was not 
Future studies should start by examining this possible relation- 
ship and Should also concentrate on more detailed ana yses o 
I specific phenomena found in both geophysical systems. 
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1 . tNTROntJCTION 


Geophysical fluid dynamics experiments, often known as 
dlshp»» experiments, have contributed significantly to 
standlng of the basic physios of the atmospheric general circa 
tlon The analogous relationship between the dlshpan experiments 
and the atmosphere have been noted by Fulta. Blehl and others 
The present study Is an investigation into the question 
whether the basic wave structure observed In the atmosphere s 
directly influenced by the meridional temperature gradient aa 
is in the dlshpan experiments. 

To perform this study, data at SOOmb was examined. This 
data consisted of temperatures at 30N and 60N and of pressure 
heights at 45N for tour winter seasons. The data 
from the NW> map series and was processed for use on the I NIVA 

1108. 

Several statistical analyses were performed on the data. 
Since our primary interest was In the wave-number relationship 
to the temperature gradient . the pressure height data was con. 
verted to counts of zero crossings after the dally mean hels 
was removed and again alter the seasonal mean was removed. Also, 
the number of extrema were recorded for each day In. the data 
series. Histograms were prepared for all variables and 
tral moments found. The central moments were 

the wave-number variables for each set of data “ --p_ 

given range of observed temperature gradient. Flnalli . 
lation matrix was computed. These analyses were perfo^d for 
several time lags between the wave-number variables and the 
temperature gradient and all results have been collected la 

Appendix A. 

The results of the study failed to provide any convinc- 
ing evidence that the basic long wave structure was related to 


the temperature gradient. However, there is an indication that 
the transient waves may be related to this gradient. Further, it 
is suggested that isolated phenomena such as vacillation. Appen- 
dix 6, could provide a useful and profitable extension of this 
work. 
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II. DATA 

In tbls study an attempt was made to draw parallels 
between hemispheric flow In-the atmosphere and flow fields 
observed in geophysical fluid dynamics experiements. To 
perform this study, hemispheric weather charts were obtained 
for the northern hemisphere winter months (Dec., Jan., Peb., 
Mar.) from- the National Climatic Center. These hemispheric 
charts were obtained for the years ld68 through 1075 and for 
December 1958 and January 1959. Also available were hemispheric! 
charts for September through December 1966 and January through 
June 1967. The data were available for all levels from 850 mb 
to 10 mb for the 1968-1975 data. The 1958-1959 data were avail- 
able from 850 mb to 100 mb and the September 1966-Juhe 1967 datj 
were available at 700, 500 and 300 mb. The hemispheric data 
for this project wer-e received in vhe form of microfilm. These 
data were converted to hard copy rolls by the NASA/MSPC Compu- 
tation Laboratory. 

It was decided that for this project only 500 mb 
fields would be analyzed. Seven tasks were then defined to 
reduce this data to a form suitable for analysis. 

Task 1. Prom many rolls, each containing 
about 10 meteorological map series for a 
given month, the appropriate map series' 

(500 mb) were found. Cut from. the rolls 
and organized into books. 

Bach map was color coded to simplify 
the reading of the data and to help assure 
accuracy and consistency in reading the data. 

Task 9 . Data from each map was read and tabulated. 

The tabulated data was Checked by readinz 
randomly selected maps from each time period * 
and comparing the results. Errors could be 
examined to determine their nature and to 
determine whether Similar errors may be pre- 
valent throughout the entire set. 
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Tg&k 3t. £ach data set was completed by filling 
missing data. 

Task 6. The data was put on coinputer cards and the 
data was to be checked with systematic computer 
examination of the data. 

Task t. Data was transferred to tape for analysis. 

Tasks 1. aad 3 were the most time consummlng. Task 4, 
besides giving quality assurance, was used also in the train- 
ing of Engineering Aides to perform the first three tasks. 

The SOO mb data was taken from the 500 mb NWP-Onlt map series. 
When this chart was missing or regions of a map unreadable 
then the 500 mb NWS-maps were used to fill the data, when they 
were available. Task 5, the systematic computer e.xomlnation 
of the data for Task 6, and Task 7 were perf ormed bv computer 
programs developed for these tasks. 

Three techniques were developed for checking data 
accuracy. The first technique was that of Task 4. This check 
consisted of the comparison of independently analyzed maps. 
This technique was useful as a teaching aid for training 
Engineering Aides to read charts consistently but was con- 
sidered to be too time consummlng and was discontinued when 
obvious systematic errors were eliminated. The second tech- 
nique was somewhat similar to the first in that visual in- 
spection of the data was required. The second technique was 
to use the computer to plot all daily values of the parameter 
recorded and then to visually inspect these graphs to find 
anomalous values. This technique made it possible to easily 
spot key punch errors and large errors at a point but it was 
still difficult to identify some reading errors, such as mis- 
reading a pressure height contour over a significant longl- 
tudnal extent. 

Consequently, a computer program named GFD/CHE was 
developed. This program Was to check the data for four types 
of error 
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1. Values exceeding expected limits of the data 

2. Interpolation errors leading to two consecutive 
extrema 

3. Interpolation errors transposing regions of 
high pressure (temperature) into regions of 
low pressure (temperature) 

4. Interpolation errors yielding significant 
changes in height (temperature) over several 
consecutive data points 

This program was debugged and test cases run. Unfortunately 
time limits prevented the complete evaluation of the program. 

As a result much of the data remains unchecked for these types 
of errors. Thus, all errors have been assumed to be random 
errors and it has been assumed that they will not Significantly 
effect the analysis performed. 

A second program was developed to replace GFU/CHK. 

This program was named GFD/TAPE. The purpose of this program 
was to simply fill missing data by linear interpolation, in 

either time or space as required, and to place the card image 
data on a tape file. 

Ne.xt a program GPD/SMOOTH was developed. This program 
took the data for each winter season, and performed various 
running averages of the data. Three day, five day. seven 
day, eleven day and twenty-one day running averages were com- 
puted. A program GFD/SORT was developed to sort the data 
records for preliminary analysis. 

When the data processing was completed only the data 
for four winter seasons were available for analysis. These 
data were for the winters of 1970-1971. 1971-1972, 1972-1973 
and 1973-1974. The data consists of pressure heights at 500 
mb for 45 N latitude and temperatures at 500 mb for 30 N and 
do N latitudes. 





It I. ANALYSIS 

.1 PRELIMINARY ANALYSIS 

It has besn obsefved in geophysical fluid dynamics 
experiments that the steady wave regime yields wave numbers 
which depend upon the temperature gradient across the annulus. 
Thus, a simple hypothesis was proposed: 

The wave number structure in the atmosphere 
at midlatitudes is directly dependent upon the 
temperature gradient across the midlatitude. 

The atmospheric wave number was counted from the wave structure 
of the pressure heights .at 45N. The temperature gradient wa;: 
measured between SON and 60N. 

The mean temperature gradient G 
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was simplified to 


N 


Where N is the total number of data points. 


Here 


A^T = TC^-g.X^) - T(4)^,X^) 

A second parameter was also considered for analysis. 
This was a shear parameter S. 





Finally, this last integral is removed by 

N 

^ (sin4>9. - sln^j) 

Hov, the area A is given by 

A *= 2‘ira^ (^2 " *^1^ 

.h«e *0 “ ^*2 * 

approximated by Its geostrophio value 

p SB - §> A. In T 

1 *0 *** . 


With these values substituted 

g(sin<|)2 - 6in4»i) 


g(sin<l>2 - sinq)]^; ^ 

^ N a-t^ (<i>2"^i^* cos4>q 


where 

(A\)i - 

elnce A, in T is evaluated at e,ual longitudinal intervals^ 

Thes© two parametors , 0 wiia ttt-1 

h- oAher 19f0 The results are shown in Table 

"“^1172 in these tables n is the observed wave number and 
and 111-2. m tn Th© apparent cor- 

; is the 5^ay running mean -- "-b;r The apP 

relation between G and S comes from the follow 
relationship 






Table m-1. 


Relatlobshlp 
Gradleat for 


Between Wave dumber and Temperature 
December 1970 (See Text). 


h zUt| 

n 

16.92 

17.28 
19.42 
20 . 36 \ 
20.33 
21 . 14 / 

19.92 
17.75 
19.06 
19.03 
18.86 

19.28 
18.61 
19.64 
20.19 
19.74 
19.31 
19.28 
19.53 
19.78 
19.14 


19.25 
19.61 
20.83 
20.00 
20.03 
20.31 

22.25 


1 . 91 x 10 ' 

1.95 


2.19 

2 . 30 ' 

2.30 

2 . 39 ^ 

2.25 

2.00 

2.16 

2.16 

2.14 

2.19 

2.11 

2.23 
2.29 

2.24 
2.19 
2.19 
2.21 

2.25 
2.18 


20 . 42 \ 2 . 33 \ 

20 . 75 / 2 . 36 / 


2.19 

2.23 

2.37 

2.28 

2.29 

2.32 

2.54 

2.57 


8 . 859 ( 3 ) 

8.862 

8.868 

8.852 
8.839 
8.845 

8.853 
8.825 
8.824 
8.810 
8.813 

8.803 
8.820 
8.807 

8 . 8 1 7 
8.812 

8.817 

8.804 
8.837 

8.791 
8.780 
8.764 

8.792 
8.790 
8 . 79 »J 
8.789 
8.772 
8.747 
8.754 
8.760 
8.778 
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In T «* In 


T(»a> 

T(4>i) 


T(««) - T(4».) - A,T; 


thus, 


A in T • in 


\T(o / ^ — 


T(*2) 


Consequently, If T(<|) 2 ) does not vary significantly around the 
latitude <|> 2 > then the two parsuneters , G and S, would differ 
only by n Constant factor. For Table IIt-1, this constant 

g 

would be (8.8106 ± 0.0348) x 10 corresponding to a mean 
temperature T (^ 2 ^ 248K. 

Table III-2 further summarises the relationship be- 
tween the wave number and the temperature gradient found from 
the data of Table III-l. There is a significant difference 
in the wave number between the observed daily value and the 
S-day running mean. Supposedly, the 5-^day running mean re- 
moves transient perturbations leaving only the stable wave 
structure. The mean difference in wave numbei between the 
two is 1.41 and this difference correlated with the temper- 
ature gradient G with a correlation coefficient of -.514. 
However, the range of G for this wave cumber difference is 
small, both extrema in the data set not being included in 
the one for the 5-day running average, yielding a standard 
deviation of only 0.74. This correlation should be per- 
formed over a larger sample to determine whether or not this 
correlation has any significance. The "vacillation" between 
waves htimber 4 and 5 observed in the 5-day running mean ap- 
parently has little reiatlonship to the temperature gradient. 
Also the "Vacillation" in the daily wave number appears to 




dlfterence betwe^^the Sradlent than daes the 

number. ‘“0 »«««len. «ave 

3-2 INITIAL STATISTICAL ANALYSIS 

developed tl^per'o™ 

entire data ser Tt* on the 

set. Thle program Included the following operattona: 

• Remove dally mean from data 

• Remove semipermanent features from the data 

• Count the number of zeros for each day z 

• Count the number of e.vtrema for each dav \ 

• Compute the ratio Rj = z /P ' ' •* 

• Compute the variances c| . J o® 

Z P* 

pressure I!d Performed on both the 

P .sure and the temperature gradient data and for the dailv 

♦ to be either pressure height or temperature gradient the 
mean of « was calculated for each day ' 

^ £*l.J 

1»1 

where the J-lnde.x Indicated that the variable Is still a 

function of the day number. The original field was reduced 
tu obtain 




The wuss then analysed to deternilne the number of aero 

crossings Z^U') and the number of extrema PjCt;-). 
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Table III-3. 


Summary of computer analysis of pressure height 
p and temperature gradient AT data for four winter 
Seasons and for different r-day running averages 
of the data. Z is the number of zero crossings, 

P is the number of escttema and R is the ratio of 
Z to P. 
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RW>i 

*(0 

••(h 

R(h 


11.1 

ao7 

ms 

173 

M 

0.73 

10.0 

171> 

Il4 

0.73 

110 

0.40 

14.1 

140 

14.3 

143 



Table III-3 (continued). Summary of computer analyalo 
of pressure height p and temperature gradi- 
ent AT data for four winter seasons and for 
different r-day running averages of the data, 
Z is the number of zero cbrssings, P the 
number of extrema ahd R is the ratio Of Z 
to P. 












































Also the ratlo- 


Rj(^) 


%(») 

Rj (I*) 


was computed as were the standard deviations for all quantities 




Next, the mean field was computed by averaging over all 
days of each winter season 
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[h] • k r 

L -J j=l 
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Then the \p-field was reduced to obtain 


iJ 


'I* 


iJ 


-[*.] 


The resulting c-field was analyzed to obtain Z(?), P(?), and 
R(C) as Well as the standard deviations of each quantity. 

Each variable was available for four winter seasons 
encompassing December through March. Table III>3 summarizes 
the mean Values of Z, P and R for these four years. It ap- 
pears that one could interpret Z(ijf) as giving the basic long 
wave structure and P(\j>) - Z(t{)) as giving an indication of 
the mean number of transient waves observed. From this point 
of View the quantity Z(^) - Z(i|i} should give an Indication 
of the variability in position of the semi -permanent centers 
of action. 
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g g flNAt STATISTICAL AilALYSlS 

the d«a, havlhg beeiu-proeeseed Into five Held. 

/ . oM^ P(t) ) . *as next analy.ed to detemlne 

(At, ZCifr). (t * • data thl. analyels conalsted 

the statistical structure of the data. This a 

of the following; 

1 ) A histogram of the entire iatw sample was 

prep&rdd • w I 

2) The central moments were computed lor eac 1 

data sample analyzed. | 

3) The wave number ^ f?«gjice^intSval and the 1 

Of the temperature interval. 

I central moments were 5®Xd ?oJ eacS 5ave- 

ruiL“«ria?ir|zn)*"“).*s«rand p(c)) 

and for each data sample analyzed. I 

vtiilb?L”foJ^eaTdS”‘’sSSpie°" * * 

several data samples were analysed ;',^jrw;re 

number variables with respect to the *'■“* 

considered. These time lags, in days, Includ , 

At - 0 . *1. *2. *4. ±8, tie. *32 [days]. I 

the histogram shown in Table m-4, and reproduced 
d, A is dlvlLd into class Intervals which are numbered 
in Appendix A ^ 20 These Intervals represent lor 

soquontlaliy from 1 through .su. 

temperature difference: 

11.5 + k A AT < 12.5 + k J 

Where h is the class interval: the wave-number variables are 
given by: 

the division by two reduces these 

and extrema wave-number data Is always 

found that AT < 23.5 K and that tiie wa 

less than wave-rtuhiber 12. 

the central moments lor the entire data set are 
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Table III-4 Histogram of geophysical variables. Column 1 is the 
temperature gradiSht betweeh 30N and 60N which the class intervals 
k are given as 11.5 + k < AT < 12.5 + k. Columns 2 through 5 are 
Z (4>). P ('!')» Z (C), P (C), respectively; all have been divided by 
two to represent them as wave-number and the class intervals are 
k - 1 < Z /2, P/2 < k. 


CENTRAL HOMENTS 


AVERAOe 


8T0. OEV. SKEUNESS KURfOStS 


1.8987401 8.8388400 
7.3988400 3.8H0t«00 
1.8669401 8838400 
8.9SUH40O 8168400 
1.3^96*01 H.3W09400 


-7.8778-01 
8.7367-01 
1 .6806400 
3.7H73-01 
8.8916^00 


8.1681401 

3.3887401 

8.7383401 

8.7636401 

8.3830401 


Table III-5 Central moments of all variables. The rows are AT, 
('I'), (’!'). Z (C), and P (C) from the first to the fifth. 


presented id Tdbl© Prom these date one notices that all 

variables have large standard deviations; temperature difference 
is negativily skewed whereas the wave-number variables are posi- 
tively skewed; and all variables have large kurtosls. Note that 
the standard deviation is not the standard deviation of the mean 
which would require an additional division by the square-root of 
the number of data points, with 484 data points this is 22. 

Thus, the mean should be relatively stable. Note also that the 
wave-number variables have noj, been divided by 2; thus, the 
average zero crossings 2(i|>) of 7. 3826 yields an average wave 
number of 3.6963. 

Table II 1-6 contains four separate tables showing the 
central moments for each of the wave-number variables within a 
given temperature difference class. That is, these data have 
been separated and analyzed with respect to the observed tempera- 
ture gradient. As before the class intervals for temperature 
difference, given in the first column refers to AT 

11.5 + k 4^ AT ^ 12.5 + k ] 

The second column gives the number of data falling into each 
class. 

Table II1-7 gives the correlation matrix for the five 
variables. The 10 x 10 matrix is laid out as shown below 


At(t * «t) 

t + «t) 
P(0. t ♦ «t) 
zu. t *■ it) 
P(C, t ♦ «t) 

At(t) 
zcp. t) 
p(p, t) 

Z(c, t) 

P(c. t) 
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113. 
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fable iII -6 Central moiiients fof given ternperature distribution. 
These four tables refer, respectively, to Z(t|>), p (t|,), Z ( 5 ), and 
P (C). The first column is the temperature difference class inter- 
vals k and k + li.5 < AT < k + 12.5'*K. The second column is 

the number of cases following into each category. 
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where 6t is the lag tine. Quadrants I and III give the auto-^ 
and cross-correlations at given times; quandrants II and IV give 
auto- and cross Correlations at the lagged times. Since 6t*^0 
for the results in Table I I 1-4 air quandrants represent identical 
5x5 matrices. 

The results obtained -from this study do not confirm the 
simple hypothesis stated in the beginning of this section. It 
vould have been surprising to have found otherwise as early works 
of Bolin and. Smagorinsky had demonstrated the relationship of the 
semipermanent centers of action to orography and to baroclinic 
zones at land-sea boundaries. Figure III-l shows the cross-corre- 
lation of the temperature gradient with the wave-number variables, 
None of the correlations exceeds r“0.2. The fields with the sea- 
sonal mean removed have smaller correlation than those with only 
Che daily mean height removed. This is perhaps an indication 
that the oscillation in position of the long waves is less corre- 
lated with the temperature gradient than the number of waves. 

The results of the preliminary study, which showed some 
Indication that the number of transient wave might have a better 
correlation than the number of long waves was not pursueti.. The 
subsequent results shown in Figure III-l, however, may give a 
further indication of this result. This is seen in the fact that 
the number of extrema present correlates better with the tempera- 
ture gradient than does the number of zero crossings. This is 
predicated on the idea that the basic long waves are more likely 
to result in pressure height differences leading to zero cross- 
ings than the transient waves. This result could be easily 
tested by removing the 5-day running means from the data and 
performing the analysis once again. 
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Figure in*lc Cro^a-correlattoas 0 □ ?(;) 


Figure rn-l Auto-corralation and cross-correlations of wave-number 
variables with the temperature gradient (ordinate) is functions 
of time lag (abscissa) in dars* 
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IV. CONCLltSIONS AMD RfiCOKiMENDATIONS 


In conclusion, tUe original simple hypothesis that wave- 
number is directly related to the meridional temperature gradient 
is not supported by the results presented in Section III. There 
are several reasons why such a relationship, at best would be 
difficult to establish. First, it is not clear that the thermal 
Rossby number of geophysical fluid dsrnamic (GFD) experiments is 
directly correlated with the meridional temperature gradient of 
the atmosphere. Second, the ground state of the GFD experiments 
is a zonal baroclinic fluid flow and that of the atmosphere is 
an orographically perturbed baroclinic flow. Third, besides 
the orographic perturbation present in the ground state, a longi- 
tudinal temperature gradient at land-sea interfaces serves to 
further vterturb the atmospheric flow. Fourth, it is not clear 
whethet or not a temperature gradient wave structure relationship 
in the atmosphere is a hemispheric relationshlv' r.ather than a 
local relationship. 

Many of the uncertainties in sotting forth hypotheses 
relating OFD experiments and atmospheric circulation certainly 
arise because of the con^plexity of atmospheric circulation, 
but equally responsible is the lack of data from GFP e.xperiments 
approaching atmospheric clruclai lotts. First, the atmosphere In 
all probabliUty cannot be eituated iv? a steady wave regime vactl 
lating between two wave-numbers. It is probably related to the 
unsteady regimes of the GFtl experiment.^. This itself does not 
rule out a simple wftv'e— number — teiwperattire gradient liyp»>thesis 
since the mean wave-number of the urtsieady regime may very well 
be related to the imposed temperature gradient. The atiiher 
knows of no data which will either support or deny this suppo- 
s 1 1. Ion . 

Second the relationship between wave-number and temp»'r- 
atUre gradient has been established in a gFP experiment With 
Imposi'd orographic boundary conditions. This would appeal to bo 
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APPENDIX A. DATA ANALYSIS SUMMARY 


The aaalyeee presented in this section consists of all 
analyses conducted during this study and have been discussed 
in Section III of this report. There are three types of tables 
collected in this summary . for each of the time lags analyzed. 

In addition, the first table found is the histogram of all data, 
repeated from Table I I 1-4. 

The central for .a given temperature distribution are 
those obtained for each wave-number variable, N ( ), Z ( ), 

N ( ), Z ( ) dividing the data into discrete sets associated 
with given temperature gradients. The first column in these 
tables is the temperature gradient class interval k 

11.5 + k < AT < 12.5 + k. 

The second column gives the number of the data points found in 
each category. The central moments then refer to those data 
found in that particular category. 


The central moments of all data are given for each 
time lag because the data set is reduced in number with each 
increasing value of the time lag. The five rows give the cen- 
tral moments for AT. N (i|»), Z 0|;), N (?). and Z (c) respectively. 


The correlation matrices relate the auto-correlations 
and cross-correlations found between the variables. The matrix 
elements may be identified from the organization shown below. 


.\T(t ♦ «tj 7.(*. t ♦ «t). . . Am) . . 


AT(t ♦ *t) 

I \ 

SI*, t * «U> 

‘ 1 

rt<>. t ♦ «t) 

1 1 I It I 

7.U. t ♦ *t) 

1 • f 

ru. t ♦ .u) 

• V 

Mit) ' 

i ' ” • 1 

Sf* o . 

\ 

Pti-. M 

1 IV ; It! 1 

2(C. t) 


P<C. t) 










NHAX * LP - 1 


HlStOOftAM OlSTRtaUUON 

I 2. _ 3 •» 9 


\ 

e 

3 


H 

5 

6 
1 
8 
9 

10 

It 

ts 

13 

IH 


19 

16 

18 


19 

aa 


3 

39 

H9 

99 

113 

119 

98 

19 

0 

0 

0 

0 

0 

0 

s 

0 

a 


0 

0 

h 8 

161 

181 

87 

8 


I 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

13 

99 

173 

138 

83 

7 

i 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 


11 

79 

198 

163 

71 

6 

8 

0 

0 


0 

0 

0 

0 

0 

d 


0 

0 

0 


6 

0 

0 

0 

0 

H9 

169 

193 

99 

81 

0 

1 

0 

0 

0 

0 

0 

0 


0 

0 




ORIGlNAt PAGP IS 
OJ* POOR QUALITY 






• 1 






ill 


00808 


O • 

u 

«# 

i 


ism 


SSSff 

lllll 


»«H?!1!! 


gSffSfSffS 

iUM 

llHi 


l?Wt|5f!5 

SeSoooo8oS 


P?oiSor;ro-t® 

SSeSSSieSS 


s pslllpfj 


..l.-HO 




VAO • I 


NMNtv rm oi ^ ttivcdAtgRi wmww 


1(1^) 


I 

1 

4 

9 

a 

T 

a 

a 

10 

II 


«»• 

« S : 

IIS. 

IH , 

7 . 

0 . 

0 . 


AvcaAdc 


7 . aooo*oo 

i.aisi«oe 

a . ai ^ i^oo 

7 « iaia«oo 

7.7ai»«>oo 

7 . 0 B 7 MO 

7.<»«n*oo 

7 . a 9 io*oo 

7.7IH|«00 

7.7NS*00 

0.0069 

0.0000 


ato . ticv . 


a.aaoi*oi 
a. 5 iai*oi 
i.aioa^oo 
t.oaaS^cfo 
I .a§ao«oo 

I .7a46«00 
I .0996*00 
1.9109*00 
1 .6680*00 
t .6660*00 
0.0000 
0.0000 


•I. <967*00 
•7.0710*01 

0.7696*01 

•6.6B96*0t 

9.1977-01 

1.8699*01 

ii:S?S-ol 

•1.6100*00 

0.0000 

Q.OOOO 


tcuareail 

6.1989*60 
I .^ 998*00 
8.1909*0$ 
«i. 7919*00 
6.9806*00 

S:^:s; 

i.i»679*00 
6.760*00 
*.0969*00 
0.0000 

0 . ^ ^ 




4 

9 

* 

a 

a 

7 

a 

9 

10 
II 

It 


7 . 

9. 

99. 

**. 

as. 

111 . 

119 . 

68 . 

17 , 

7, 

0 . 

0 . 


*^« R*QC 


1 . 0000*01 

1.1999*01 

1.6669*01 

l . 8979 * P » 

I .6967*01 
1.6697*01 
I.879V0I 

1.99*4*01 
I. *00 9*01 
1.6669*01 

o.oooo 

0 . 


6 TO . o £ v . 

t. *1*6*00 
1.8899*00 
6.0199*00 
8.1*79*00 
6.09^*00 
8.690**00 
I .6970*00 
6. *060*00 
1.9119*00 
1.6779*00 
o.oobp 
0.0000 


OttlOCit 


o.oooo 

7. 0710-01 
1 . 1660-06 
1 .0667-01 
6.77*9-01 
6.6861-01 
I .6899*01 
9.6910*06 
-9.9619-01 
•1.9*16-01 
O.OOOO 
O.OOOO 


Kuatosta 


6.0OOO*OO 

1.9001*00 

3.1999*00 

6.0696*00 

t . 9*60*00 
.669**00 
6.9899*00 
6.6199*00 
*.37*7*00 

oloSoo *^^ 

0.0000 




I 

6 

3 

7 

9 

a 

7 

a 

10 

i4 


7 . 

3 . 

36. 

7 *. 

93. 

IIS. 

U9. 

96. 

I*. 

V 

0 . 


AVtllAOt 

9Th. OCV. 

SKtMCSt 

KUiTeiu 

9.oooo»eo 
9.0000*06 
9.6697*00 
6.6737*00 
9.3769*00 
9.0799*00 
9.9796*00 
9.9019*00 
9. *199*00 
7.71*1*00 

o.ocoo 

6.0000 

1,7961*06 
1,6990*06 
1 .8*91*00 
6.11*9*00 
6.896**0O 
6.8^6*00 
1 .9969*00 
6.0166*06 
8.6906*00 
1 .96^*00 
0.0000 
0.0000 

•1.19*7*00 

0.0060 

6.9999*60 
1 .9000*00 

1.39*0-01 

•*.69I9-0| 

9.1997.01 

1.0769-01 

-8.1607-01 

•I.7-6I-0I 

* ^iq|-oi 

6.76i|-0t 

O.OCOO 

0.0000 

6.1619*00 
6.1*19*00 
6.6907*00 
3.3999*00 
3. *690*00 
6.3*60*00 
1.7910*00 
1. *911*00 
0.0000 
0.0000 


6TO. 06V. 

SKtiSCii 

MUtOllO 


PC) 


I 

6 

3 

I 

a 

7 

a 

a 

10 

II 

It 


7 . 

8 . 
99. 
**. 
99. 

IIS. 

119. 

96. 

17 . 

7. 

0 . 

0 . 


I . 1009*01 
1.6667*01 



1.3*09*01 

1.3991*01 

1.91*1*01 

1.6063*01 

0.0063 

0.0003 


1 . 0000*66 
6.*9***00 
I .7*76*00 
6.6709*00 
6 . 01 * 6*00 
6.0886*00 
1.9919*00 
1.8*60*00 
6.6966*00 
1.0990*00 
o.oocb 
0.0600 


6.0000 . 
9.6180-01 
•6.0967-08 

9.aiel-ot 

* .99*6-01 
7.9IC**-06 
•7.9991-06 
7.779*-01 
6.77*9-01 
0.0006 
o.oooo 
o.oooo 


I . 0000*00 
I .*996*00 
8.8761*00 
6.791^*00 
6.7179*00 
6.;996*0d 

ismi 

9.9699*00 

9.*699*0D 

O.OOOO 

0,0000 


c « btr*l tor * tv*a t # i ^« r » tur * diatrtbtttioa . 

rhM# four tabiai rafar, raati^cotvaly. to 2 . P ( o'* *: >5 • 

p .*3 The f^rat coluoih la the taiapeteture differeoce cIas^ later-* 
val; i Jd S t li.5 < dt < r - la.S^S. the secoad coloma 

tae lumber of cases folloeiag tato each cateeort* 


\ 


i 

1 

i 

\ 


e 


© 




V 


o 




b 


I 


I ! 




u 

d • 
id 

n 

ft 

»4 %4 


0 « 
^ XI 
H ♦» 


Of 
O 1 


H M 
d -H 


d 0 
4i 


>4 


w 

®ii. 


tf 




g 


s* § 


I? 




oSeOQ 


da*miw 

sssss 




S|S|| 


eSSoSSSSeS 

iiii 

I 

SSSSSSSsgg 

£iiip?sils 

r&sisszsica 

SSeSeeSSbo 

8SSSS$Sg83 

♦ ♦ ♦ I I • 1 * I I 

SeSoooSSoe 

SSSaeegSSe 

8?SS9|S:$S$g 

SSsSSSSgSg 
' • > * 

eeeeaoaooo 
m 

i 

s 

8 oeS8e8eSoe 

“ ♦ J aX i • * » 

‘1 

I I 


A-7 


OltIGi^f AC PAGE) A 
OF Poor qualitii 






ORIGINAL PAGE! tb 
OF POOR QUALmr 


••HI • LP • 1 


UMK • I 


cotmL HowiTg oivcn oi^nmuTHON 


%W 


7 

• 

9 

10 

II 

It 


«*9. 

9S. 

IIS. 

IN, 

9e. 

19. 


0 . 


AVgRAOC 

7.^000*00 

7.si»#00 

g.0^t*00 

7.l99O*Q0 

7.%I9*00 

7.0B79*00 

7.«»7|7»QQ 

;: 3 Si 

7.7US*00 

O.OP7U 

0.00)0 


sro. oKv. 


i.agos»Qi 
I .osot«po 

t.OHlS^So 

I .B7tH«0Q 

ue&*SS 

1.9103*00 

I .0693*00 
I. 6660*00 
O.oooo 
O.OOOO 


•1.166^*00 

•7.07IO-01 

6.6698*09 

.7767»0l 

J.I077.OJ 

■!:yS:S! 

•I.0i«e6*oi 

*i.tio$*oo 

0.9000 

0.0000 


Itm09l6 

9.SS9S*00 

i.«(m*oo 

t.l0lH*Q0 

«|.9I99*00 

:Sil:S 

i.8<(6i**00 
8.**e70»oo 
t.9«*7«»*Q0 
*t. 0363*00 

8 .0000 
.0000 




AV9RA66. 


6T6. oev. 


StDOCSS 


KUKT0SI6 


10 

li 


i: 

M9. 

93. 

113. 

19. 

7. 

0 . 

0 . 


1.0600*01 
I.13||*0I 
1.8939*01 
1.8^89*01 
1.8960*01 
1.8637*01 
1.8737*01 
l.33WO*Ot 
1.3^7*01 
1. 8^*01 
0.0000 
-0.00011 


I.<«N8*00 
1 .6999*00 
8.0309*00 

8.19BW*00 

l.980«**00 
8.8SO<»*00 
8.0078*00 
8.7090*00 
I .9737*00 

i:U3-“ 

- 0.0000 


0.0000 
7.0710-01 
6. 1981-08 
1.7191-01 
3.16^-01 
8.8681-01 
t.973^*oi 
9.8910-08 
-7.9939-01 
-1.3416-01 
0.0000 
O.OOOO 


9.n60*0p 

1.9901*00 
3.1877*00 
8. 0739* 00 
3.0839*00 
3.8897*00 
8.3689*00 
8.8139*00 
3.8768*00 

o.Qoio 


20 


3 

7 

9 

6 

7 

9 

10 

it 


7. 

3. 

n. 

93. 

113. 

Il7. 

98. 

19. 

3: 

0 . 


AVCtAOt 

9.0000*00 

9.0000*00 

9.71^*00 

9.0739*00 

9.0OD0*Oti 

9.9619*00 

6.7000*00 

7.7171*00 

0.0000 

0.0030 


6 TO. oev. 


1.7381*00 
t .6330*00 
1.6911*00 
8.0913*00 
8.8778*00 
8.8786*00 
1.99l8*00 
8.0169*00 
6.ej6i*00 
1.6660*00 
0.0000 
Q.dOba 


6Xei8C93 




1.9876-01 

-3.7731-08 

7,0791-08 


1.0783-01 
-8.8673-01 
•I. 7190-01 
7.8889-01 
8.7839-01 
O.OOOO 
0.0000 


KUlTOStI 


8.3 
I .9000*00 
8.1697*00 


3.39a_ 

8.7708*00 

8.3780*00 

1.8913*00 

1.7931*00 

0.0000 

-O.OOOO 


AVCIUIK 


STO. 9CV. 


liceiAcos 


KUOtOStS 


?C) 


I 

8 

3 

7 
9 

8 
7 

9 

0 

to 

II 

18 


7. 

SI: 

113. 

•SS: 

19. 

7. 

0 . 

0 . 


1.1060*01 
1.8867*01 
1.3799*01 
1.3788*01 
1.3869*01 
1.3699*01 
1.3781*01 
1.3918*01 
I .76)0*01 
t .8000*01 
0.0000 
O.OOOO 


1.0660*00 

8.7977*80 

1.7997*00 

8.8997*00 

8.0877*00 

8.0988*00 

1.9098*00 

1.9760*00 

3.1669*00 

1.0660*00 

o.floeo 

0.0000 


o.oooo 

3.6I80«»OI 

-O.fl99-0S 

3.9690-01 

6.3017-01 

7.3187-08 

-6.7078-08 

7,7737-01 

8.3303-01 

O.OOOO 

0.0000 

0.0000 


1 .0000*60 

1. 7999*00 

8.7637*00 

8.7957*00 

8,7776*00 

8.1668*00 

8.7799*00 

8.8576*00 

8.8^0*00 

3.7999*00 

O.OOOO 

0.0000 


Ceatral mnaDta iot jlvea teoperatura 4 l 8 tribuuoa. 
four tabUs rafar, raapPctivelr. to 2 (ii). P (o). 2 (;)» aad 
? (;). The first column is the temperature differeace class later- 
vals H and ic ^ 11.5 < it < Ic I 2 . 3 ^S. The Second column is 

the aumber of cases following into each category. 




MM • %n ^ I . 

140 • t 


CCNtRAL WfNTi rOR Rivfii TtrWlAlM: 0t|T1ltWT|gi| 


Zi’^) 


1 

f 

I 

«» 

e 

0 

5 

IP 

tl 

It 


lit. 

IIH, 

W. 

I«*. 

7. 

0. 

0. 


tVtOAQC 


7.SP0P«00 

^.i3ll*00 

6.SU3*0P 

7.teo)*Qo 

’ 76P9*0D 
7,e*t’»*op 
^•^se»*op 
7.6939*00 
7,7ml.00 
7 7|«*l#00 

o.poe; 

e.docd 


STO. etv. 


•.660S-0I 
0 7 t 9 i-Pl 
|.0l06*00 
t-C'^9*O0 
1. 9960*00 
».'^n*oe 
1.8639*00 
I .9101*03 
1.6060*00 
I .66oO*dO 
e.Qooo 
e.ooos 


•I.I9>»7*0D 

- 7 . 07 i 6 .pi 

6 «»» 6 t* 0 l 
•t. 6366-01 
|.t9P6*0l 
l.9^Ct-0l 
-i '•H66-PI 
•7 6910-01 
•1.0106*00 
0.0090 
0.0000 


KiArtsif 


e.m3«oo 
1 7 gw *00 
£.^306*00 
7.3900*00 

t. 5 ’*r *00 

C 6103*00 
t.ei!3*oo 

0 'iO'P.OO 
£ -6^'*00 
7.0363*00 

O.OQOC 

o.oeoo 






STC, 8CV. 


SKi^ti 


4\^TCSI« 


3 

H 

9 

6 

6 

9 

10 

M 

It 


7« 

3. 

39. 

73. 

«£. 

lie. 

M7. 

9t. 

17. 

0. 


1 . 0000*01 
t.l 3 S 3 *Ol 
i.?ee9*ci 
l.C 9 tC* 0 l 
1. £391*01 
I. £679*91 
i.e'r*oi 

I .9376*01 

1 70C,>*0i 

i.reo6*oi 

c.ooo: 

0.0000 


1 7i»«e*oe 
1.8696*00 
e. 0199*00 
e.iec'tco 

O.C«i6i*CO 
0.0399*00 
e. 0076*00 
£7090*00 
l 9i 19*00 
I.O**-0*OC 
C.OfCC 

c.cooo 


c.oooe 

’’.flO-Cl 
i.i£,?o-oe 
1 -jre-ci 
e. *006-01 

e. 9990-0* 
1.9737*01 
9.e9io-oe 
-9.9ei6-0l 
• .3716-01 
o.oooc 
c.oooo 


£.0000*00 
1 .9001*00 
3 5333*00 
£.0689*00 
£.019£*35 
3. 19^*00 
a 3689*00 
Z £539*00 

7. 3*7 *•♦00 

£ 3996*00 

o.oeoo 

c.oooc 


4Vt«U6( 


STC. OCV. 


SKOMtSS 


KVATOSSi 


1 

7, 

9.0000*00 

l. ’•30 1*00 

•1. 1977*00 

$.3333*00 

t 

3. 

8.0000*00 

1 .6330*00 

0.0000 

5 .9000*00 

3 

39. 

6.899^*00 

1 .870{*OC 

1.5970.01 

£ 1619*00 

7 

73. 

6. £*91*00 

£.5389*00 

•9. t50l-0£ 

£ 0079*00 

9 

9£ 

9.3696*00 

£.£63**CC 

9 9961 -C£ 

£.6697-00 

6 

Its. 

9.0717*00 

£.£909*00 

l . ;**3-0l 

3.370**C0 

7 

1 17. 

9.0000*00 

1 .091 0*00 

-£.£6*3-01 

£.7*06*00 

6 

9£. 

8.0619*00 

ff 0188*00 

•1 *190*01 

£. 3-£O*O0 

9 

17, 

6 7£83*00 

£.£90£*00 

7 3106-01 

! .*910*00 

10 


* 7{7J*w'C 

: 6960*00 

£ ■•£38-0; 

t 7«5l«^Q 

1 1 

0. 

o.oco; 

0 0000 

c.cooo 

0 . 0000 

l£ 

3. 

c.ooc: 

0.0000 

o.oeoo 

0.0003 



4VtR*0C 

9tc. CSV. 

8M:W7:S8 

Mimesis 


?U: 


6 

9 

10 
1 1 

It 


7. 

3. 

39. 

73. 

pe- 

ns. 

117. 

9£. 

17, 

o! 

0 . 


I . ic?e*ci 

I .£66**01 
1 . 3 **i* 0 l 
1.3939*01 
1.3370*01 
1.37: ,.ei 

I.37£»*CI 

1.3931*01 

1 9l7|*Ci 

I 5000*01 
0.0000 
0 ocoo 


1.0000*00 

e.797**co 

I **7£*CC 
£ £379*00 

e.cronoc 
e.to£?*cc 
1 -909£*or 


iNeo-co 

9966*00 

0690*00 

0000 

oooc 


0.0000 

3.8160-01 

•e 068*-0£ 

3 666* -Cl 

7 *06*-01 
9.6799*0S 
•6 76%^*Cff 

n %3%»oi 
c 7«*|*$-C!J 
0 3000 
0 0000 
o.oeoo 


l.0?00*00 
1 7099*00 
£.870' *00 
£ 70 j 3-00 
B 6969*00 
£ 198**00 
£.7**^>*C1C 
£. £976*00 
3.3099*00 
3 7060*00 
0 0000 
C 0000 


2 «. «• « W . . - ■ 


CtfOtrai a<?o«ots f,'r 
I*** iour r»?*r. r<.sp*o;:v#l.v ? ,.v : , 

Th* !i? 9 t .lo'.usm '-a ■:»» :ewp*ra:ur* .-.ass :n 

it aaa s • '. 1.3 X i? V S * ;:, 5 -'X. Th* i<*coaa 

>• 3 Uffie*r ;t -.aro -aca 


A- 10 




- -ta 


^'i 




;- %s 


W 

i'.;i 

C'l 

V; 

\ i 


lo 


:; u 




t 


? 


iy 

3 


13 

i» 

*”J 3 

O-^ 
u ^ 

o 

ja 40 
F- ♦> 


n 

o «i» 
•-4 0 
ja M 
M -H 


« 

> 13 


.-4 8 
fli § 
M 

O 

CO^ 

W 'w» 

a ^ 
Olx 


[■O 

a 

c« 

0 ! - 
U -N 
M U* 

d ^ 

^ ■- 

UM 


a ^ 

» 

t CU 


S SSo 35 

s: 


^?t{U 


i| Ul 


rilil 

f 0 »-»M 4 W 


C s 


Hi Sfggs 
• «««.* 
ecysoi 




ooeee 


_ ^ W ^ 

esSKlil 



SS|s|Sg 5 SS 

' B|Si§gi£s=i 
PSiciSsiSssS 

gSeooeoSoo 

I 

fill?????? 

liiMipil 

eeoeeoeeoS 


iUiMm 




oSSeooeSee 

X • X j. 


?$!;ssss 


ooeoo 

ilili 

--AMWa 

iSeS3 

• » 1 • t 

scssit 

!^A£S« 

oogSol 

Iliiii 

* * * r 

ggoSe 

lisi&s 

sspgs! 


|1 


;■ ;i 

!• .', 


\ 

.a . 




UA0 • » t 

cttt^ Nomn r» otvcn mvmnK oittiiiftiriQN 


( ) 




I 

i 

s 

J 

7 

? 

10 

II 

It 


P(’ir) 


SU) 


p(;) 


H. 

^7. 

91. 

III. 

IIV. 

flt. 

19. 

7. 

0 . 

0. 


<1. 

S. 

SH. 

HU. 

91. 

III. 

IIH. 

9t. 

19. 

7 . 

0 . 

0 . 


H. 

sJ; 

HH. 

9t. 

III. 

IIH. 

9t. 

19. 

7 . 

0. 

0. 


H. 

I. 
|W. 
HH. 
9t. 

III. 

IIH. 

9t. 

19. 

7 . 

0. 

0. 


ivciuac 

ttb. ecv. 

MWK 

Mtesti 

v.aao6.w 

2:S»:8 

7.l^9»00 

7.7i9fq9 

7.09ii«ao 

7.V7374o 
7.9939*00 
7.9000*00 
7.7IHS*00 
0.0000 
— o.oeoc 

•.aaaf.01 
a.vaai*«i 
1 .aut'se 
1.0990.00 

!:^:SS 

1 .9393*00 
1.0103*00 
1.9991*00 
1 .9990*00 
0.0000 
0.000* 

^rSEI* 

•t.7ftt-0l 

-1.7688*01 

-s.oHni*oi 

•i.tJ08*00 

0.0000 

o.oooo 

8.8183*80 
1 .H800*80 
9. l8tH*00 

H. H|t8*00 
9 .h07i»*8P 
9.988 WOO 

I. 8h6h*00 

9.H676*00 
9.9h7h*00 
H. 0883*00 
0.0000 
0.0000 

AVCRAK 

9t9. ocv. 

«KtWNm 

KUOfOSlt 

!:!!5«i 

1.0909*01 
1 .0900*01 
1.0MI*01 
1.0911*01 
l.07J7*oi 
l.S7H9«0i 
I.SOS7.0I 

1.0009*01 

0.000c 

0.0000 

l.H|Ht*00 
1.8998^0 
t. 0309*00 

t.i7»*«09 

I.WI9.00 

f.tlS9*00 

0. 00*9*00 
t. *090*00 
1.9 hSh*00 

1 . t770*oO 

o.oooo 

O.OOOO 

0. 0000 
7.0710-01 

9.l8tl-0t 

1. a9iH-oi 
3.3819-01 
t.7t0i».S| 
1-9H3H-0I 

9.MlO-Of 

-7.9998-01 

0.0000 

9.0000*60 

1.9001*00 

3.19h7*60 

9.0008*00 

S.Oh76*00 

3.3918*00 

9.3669*00 

9.9138*90 

3.6h08*00 

9.3896*00 

o.poop 

O.bOQO 

AVCflAdC 

ito. ocv. 

9KD9C8S 

KUCTOflt 

9.0000*00 
9.0000*00 
9.9*71*00 
0.3l9t*00 
9.H|H9*00 
9.093: *00 
9.0006*00 
0.96i9*00 
9.H00C*0P 
7.7mj.o6 
O.OUttO 

o.ooor 

::S&2S 

1.8911*00 

t.0§89*00 

t.89t}*00 

t.^lt*00 

1.9915*00 

9.0188*00 

8.5191*00 

1.8660*00 

0.0000 

0.0000 

-1 . I9H7*00 
O.OOOO 
1 .69*6*01 
-8.0711-09 

e.t683-S2 

1 . 1977-01 
•t. 5973-01 
-1.7180-01 
H, 8809-01 
e. 7038-01 
0.0000 
0.0000 

9.3333*60 
1 .9000*00 
9.1607*09 
9.9308*00 
9.8131*00 
3.3890*06 
9.H708*dO 
9.3H90*00 
1.6013*00 
1 .H031*OO 
D.OOpo 
0.0000 

AVC9AIK 

9T0. ocv. 

*ClU€8S 

KURtOSIS 

i.iOoo*ot 

1.9997*01 
1.9^69*01 
1 .3H99*0l 
1.3091*01 
I.3979 «oi 
1.3*01*01 
l.39Sr*0l 
1 .H9m<*oi 

i.toor*oi 

O.OOliC 

0.0000 

1 .0090*00 
t.H9HH*00 
1.7907«oo 

S. ^09*00 
t.037O«00 
t. 1086*00 
1 .8099*00 
1 .0*60*00 
3. 1969*00 
1.0900*00 
O.oooo 
0.0000 

0.0006 

3.8I80-OI 

-9.9190-03 

3.8189-01 

9.3881*01 

8.8W-09 

•8H8H9-09 

H.7n3ia-0I 

9.3383*01 

O.OOOO 

o.oope 

0.0000 

1 .oo0o*eo 
1 .H808*oo 
9.763 h*00 

9.h98H*6P 

9.7630*00 

9.1978*00 

9.h799*00 

9.99*0*00 

t.88«iO*0O 

3.h680«oO 

O.OOOO 

0.0000 


Thmmm '•«P«*‘»tur* distribution. 

TU*m four tablM fUv. r«#puctlv®ljr. to Z^t). P k u) . Z lO. »a4 

*Id* i* '•^•P*cur« 4 tff«r«ntfo cUtss intor- 

.. •' * 1 iT < It . 12 . 3 ’K. rb« aceond ocluan -s 

tb* auabar of oasaa follo«la« tato each oatogerrr 




1 




# 



' <• J\\n{ QUauITI 



t 


lAO • 


eOfTRAL NdHCNtt fOR ^fVCN TCHROUtUV OltTfURUTION 


2(«l) 


li: 

So: 

100. 

‘ii: 

IH. 

7. 

0 . 

0 . 


AVCRAQC 


7.9O0MO 

7.iS3S*00 

e.oi«*s«oo 

7.«0O5*00 

T.7S56«00 

i.o^oo^oo 

7.nSB5*00 

7.69S8«O0 

7.7|».I*00 

7.7m5*00 

O.POOC 

-o.ooac 


•TO. OCV. 


8.690S-0I 

0. «iai*Oi 

1 . eioo*oo 

•.OThO^oo 
1.9068*00 
1 .7W73«i|0 
1.0989*00 
1.910SVOO 
1 .6660*00 
X .6680*00 
0.0000 
0.0000 


•1.1^7*00 
•7.0710-01 
1.8769-il 
6.«»|*98-0I 
•8.0PI9-OI 
S.«*899-0t 
8.837%-Ot 
-1.7869-01 
-**.6910-01 
•I .8106*00 
0.0000 
O.OOOO 


9U9T09I9 


8 

I. HI 


.»»*00 

.3900*00 


8. 

H. _ 

8.3989*66 

8.6900*00 

8.90H6-00 

8.h679*00 

8.78H7#eo 

•*.0363*00 

0.0000 

0.000b 


?(*8) 


3I: 

••3. 

90. 

109. 

IH. 

7. 

8 : 


avCRauI 

1.6006*01 

1.1333*01 

1.8689*01 

l.8Slf*0t 

1.8396*01 

1.8691*01 

1.8899*01 

1.33h6*0I 

i.HObo*oi 

.8896*01 

.0000 

o.ooOo 


i 


6T0. orv. 


1 ■Hi(*8*oe 
1 .6996*00 
8.0199*06 
8.1607-00 
8.0569*00 
8.8**08*00 
1 .9919«0S 
e.Ho9o*90 
1.91.19*00 
1.8778*00 
0.0006 
0.0000 


6KD6C88 


0. 0006 

7.0710-01 
I . 1880-08 

1. H388-0I 
3. IH8i-01 
8.8H89-01 
1 .6309-0} 
9.8910-08 
-9.6816-01 
-1.3H16-01 
6.0000 
O.OOOO 


RtOSIS 


8.0006*00 
1.9001*00 
3.1333*00 
8.o6iei9*oe 
8.9h89*Q0 
3.8817*00 
8. **869*00 
8.8139*00 
«*.S7H7*00 
8.3996*00 
0.0000 
0.0000 


2(C) 


H. 

s. 

39. 

•tS. 

90. 

109. 

IH. 

7, 

0 . 

0 . 


avcrAOC 


9.0006*06 

9.0000*00 

9.6997-06 

9.8^1*00 

9.3776*00 

9.0SM.*n0 

9.0090*60 

9.96ir*00 

e.**8et*oo 

7.7|ur.-00 

O.OOIll 

o.oouc 


sto. 6ev. 


1.7681*60 
1 .6330*00 
I.9h9I*00 
8. 1389*00 
8. 8H 39*00 
8.8798*00 
1 .9709*00 
8.0199*00 
8.8908«0D 
1.6660*00 
0.0000 
0.0000 


9k6wM9 


-I . I9H7400 
O.O060 
1.30HO-O1 
-9.1361-08 
1.1396-01 
1.6373-01 
-8.3868-91 
-1.7190-01 
H. 3101 -01 
8.7836-01 
O.OOOO 
0.0000 


KUltOSlS 


8.3333*60 
I .9006*00 
8.1616*00 
8.0949*00 
8.96h6*00 
3.88**9*00 

8.hhi7*00 

8.3H8O*00 

1.7910*00 

I.H93I*00 

O.OOOO 

(UOOOO 


PC) 


H. 

3. 

39. 

HS. 

90. 

109. 

lU. 

98. 

IH. 

7. 

0 . 

0 . 


AVOUOC 


t.lOOO^Ol 
1.8667*01 
1.3771*01 
1.3939*01 
l.340iuot 
1.3701*01 
I.3hc9*0I 
1.3938*01 
1.91-3*01 
1 .8000*01 
0.0600 
0.0000 


Sto. OD . 


1.0000*06 

8.H0im*0Q 

1.77h6*00 

8.8Sh9*06 

8.0380*00 

8.1111*00 

1.9096*00 

I.9h60*00 

8.9996*06 

1.0690*00 

O.OOOO 

0.0607 


SKClf^S . 


6.0066 

3.9190-01 

-8.0667-08 

3.6667-01 

**.3H6l-0t 

H.996H-03 

-6.0376-08 

H.7H3H-0I 

8.***iH3-0l 

0.0600 

0.0000 

0.0000 


IO8IT06IS 


I .0660*60 
I .7969*00 
8.9781*00 
8.7913*00 
8.66^*00 
8.1677*00 
8.7991*00 
8.8976*60 
3.3899*00 
3.7889*06 
O.OOOO 
0.0000 


Caektral oraaeaca for glvsa tsomorarurs distributioa. 
Tbooie four tiblos rsfer. roopoctively . zo S(o>. P (u). Z u). lad 
P ;C). The flrsc coluaa Is tho tumperaturo diffsrsacs class lacsr* 
rais i£ and k ♦ 11.5 < it < k - 12.5^X. ?h# secodd column is 

tds nufflpsr of cades following into each category. 


A-14 








JL * .^/L.:ii:"..:':;i 


<1 




^ . 
Q» S 

& *M 
O-M 

f4^ 

« o 

es 

.2 

r! w 

XI >4 
«« n4 
<1-1 %4 

ft 0 
> X3 
«> 

»-• 

M 


SeSeo 

sills 


0 

go* 

1*0 
i 0 

f< 

0 - 

u 

gr 


> 

8 


oeoeS 

j. » s • It 

issiS 

0O«MIU 


0*000 

ooooe 


9 SS 




i 

d 


is 


I 


eoee 
Ar 

C.4 




1 3 


A-15 


s 


• • 


eCNTIIAL nO«NTS ^OR 6IVCN TtHRCRATURC OldnUOUriON 


oaioiNAi, A 

EB POOS Qi 


Z(tp) 


7 


H* 

S?: 

108. 

'ii; 

7. 

6. 

0 . 


AVCMAtt 


7.80O0«Q8 

7.8tSS«i0 

8.9i«i8*or 

7.8pS^0l 

7.09f0«00 

7.<«330«00 

7.6078400 

7.600(K00 

7.7M*00 

0.0000 

0.0000 


8T0. OCV. 


8.68OS-0> 

• .HWl-Ol 
1.8308^00 

0. 0MO^OO 
l.OHSS^O 
1.77^I8*00 

1. TO^aoo 
1.900i«Oo 
I .6093*00 
1.6680*00 
O.QOOO 
0.0000 


OKtUPCOS 


•I . I9l7«00 
-7.07IO-OI 
6.6096*08 
8.0016-01 
-3.3638-01 
8.00IH-01 
l.«M«03-0l 
-I.H9I6-0I 
-3.dH08-01 
-1.8(06*00 
O.QOOO 

o.odoo 


iwtdsts 

t.1310^00 

I.M988*0| 

8.tOlH*00 

:i3i:S 

S:S!!:S 

2.9067*00 

2.9^J**O0 
M. 0361*00 
0.0000 
O.QOOO 


?(^) 


AveiUQc 


STO. OEV. 


SkD«C86 


fCURtOS!9 


1 

4. 

1.0000*01 

1.4142-00 

1.8898*00 

O.ODOO 

2.0000*00 

8 

J. 

1.1333*01 
1.2988*01 
1 .2924*01 
1. 2242-0 1 
1.2630*01 

7.0710-01 

1.9001*00 

3 

34. 

c.0}0»«00 


3. 1247-00 

4 

1 

5^* 

9t. 

toa.. 

2.1846*00 

1.9893*00 

2.2399*00 

1.2940-01 

S.631Q-01 

2.6976-01 

2.0229*00 

3.0727-00 

3.2629*00 

7 

113. 

1.2743*01 

2.0123*00 

1.4486-01 

2.3919*00 

e 

91. 

1.3294-01 

2. 4034-00 

9.2699-02 

2.2949*00 

9 

19. 

1.3|67-01 

1.2286*01 

1 .9434-00 

-7.5998-Oi 

3.6409*00 

10 

7. 

1 .2776-00 

-1.3416-01 

2.3698*00 

11 

0. 

0.0000 

O.OODO 

O.OOOO 

o.odoo 

12 

0 

OJOOO 

0.0000 

(LdDOO 

o.oooti 


t(;) 


7 

8 

9 

10 

II 

te 


3. 

3H. 

s®- 

61. 

106. 

113. 

19 : 

7. 


AVdiAOC 


9.0000*00 
8.0000*00 
8.6471 *00 

S . 3810*00 
.h 06S*0O 
9.0996*00 
8.9012*00 
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I.7997A00 
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2.04S8«i^00 
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CeaCril cmtfits for temperature dlstrlbucloa. 

These four tibl6s refer, respectively, to 2 ro) . P ( ;»). 2 ( ;) . aai 
? (;). Thb first column is the temperature difference class inter- 
vals k and k ^ 11.5 < it < k ^ 12. 5^ K, The second column is 

ths number of cases following into each category. 


•lOTY 


A-16 




i*: v^* ^4 ; ; J ■ — r-.- ; -j ^ : _ .J . 


.... i :3r»aHi '.4£E^vt :X-- 


wKtt-.lNAl. I’AUf'JJ 
OK pm)B QUALITS 


S|SS|SS8$S 


^^5S«885$ 

iiiii^ili 


$SSS^8888 

iiSlllilii 


SHziffl? 

isssslhlii 


?88s8 

liiii 


88sSs5^S5o 
8S^S»SS$4s 
?C|QS 8SS£=f 
* •* •* r 

e^oeoeeSoo 


SfSSS 

> * • • ♦ 

SSSRS 

S?3SS 


oeooe 
* # • • « 


moo 

eeeoeoooee 

mmm 




I gisisisili 

S 

8 eSSeeSSSSe 

1 iiiiiiiiil 


A-17 


s..;,, rTsar S-asl - 




1 ^* • 




CibiTlUL nUrCNTf ftn CI^VOI tCMPWAttJWC OlttUlBUTldN 


ZW 


s. 

15 . 

« 8 . 

lOS. 

107. 

9K 

IH . 

7. 

0 . 

0 . 


AveUQC 

7.0000*00 

7.3303*00 

e . 01 ^ 3^00 

7.IH80*00 

7.70>*00 

7.0301*00 

7.H879*00 

7.8**7|*00 

7.7IH3*6o 

7.7l»*S#00 

o.ooro 

o.ooto 


070. 0KV. 


0.6803-ftl 
O.H381*01 
|. OI06*OD 
0.0837*00 
8.0Q07*00 
t .7018*00 
1.8660*00 

l!^*00 

i;S 8 §r 

0.0000 


-J . 18^7*00 
•7.0710*01 
1.8786*01 
0.8B07*OI 

e . i7ow»ot 
-1,8060*01 
-«•. 6010*01 
-1.8106*00 
0.0000 
0.0000 


MU8T0II8 

8.3333<*00 
l.H8«l*00 
6.8300*00 
«i. 6706*00 
8.HIoT* 00 
8.6on*oo 
8 . 6186*00 
8 . H8 ^ ll*00 
8.76««7*00 
H. 0368*00 
O.OOPO 
0.0000 




H . 


IS?: 

81. 

IH . 

7. 

0 . 

0 . 


AVC8A0C 

1.0006*01 
1.1338*01 
1 . 8688*01 
1.8871*01 
1 .8578*01 
I .8788*01 
1 . 8668*01 
I .3373*01 
l . HOOO*OI 
1 . 8886*01 
0.0000 
0;0000 


STO. OCV. 

I . h 1 h 8 * 0D 
1 . 6886*00 
8.0188*00 
8.18^*00 
8.1083*00 

l:§??i:S 8 

8.H880*00 
1.8119*00 
1 .8776*00 
0.0000 
O.OOOO 


SKCWNCSS 


0.0000 
7. 0710-01 
1 . 1880-08 
1.0318-01 

-6.9818-01 

-1.3^16-01 

0.0009 

0.0000 


8 . 0000*00 
1 . 8001*80 
3.1331*90 
8.0986*00 
8.71i«6*00 
3.838^*00 
8.388^*00 
a.l»«9*00 
H . 37m^00 
8.3698*00 
0.0000 
0.0000 


: c ;) 


H . 

3 . 

S : 

66 . 

IS ; 

81. 

P *. 

7. 

0 . 

0 . 


Avi^iaiC 


9 . 0000*00 

9.0000*00 

e.9997^00 

6.8301*00 

9.3993*00 

9.1^89*00 

9.978C-00 

8.908C*d0 

9 . h 8 b 6 * O0 

7.7P*?*00 

0.0000 

O.OODC 


8f0. 08V. 

1.7381*00 
I .6330*00 
1.6981*00 
8.|97I«0Q 
8.8838*00 
8.881^*00 
1.9997-00 
I .9987-00 
8.^00*00 
1.6690-00 
0.0000 
0.0000 


SKSlMlSl 


-|.19H7«00 
0.0000 
1 .3990-01 
-9.8989-03 
9.9387-08 
7.8990-08 
-8.9969-01 
-I .6809-01 
9.3108-01 
8.7838-01 
O.OOOO 
0.0000 


KURT08I9 


8.3133*00 
I .9000*00 
8.1919*00 
8.0881*00 
8.8790*00 
3.3dl0*0Q 
8.9699*0P 
8.3898*00 
1.7910-00 
1 .9031*00 

o.oSoo 

0.0000 


k;) 


AVCIUQ8 


9. 

3. 

39. 

96. 

68 . 

tos . 

107. 

91. 

19. 

oi 

0 . 



9t0. OCV. 


I . 0000*00 


8 . 9999-00 
I .7796-00 
8.8908*00 


8.0389*00 
8.0739*00 
1 .9881*00 
1 .6339*00 
8.6968*00 
1.0690*00 
O.OOOO 
0.0000 


8KD8C0S 


0.0000 
3.6ir 
-8.068 
3.8730-0 
9.8001-01 
-8.6716-08 
-9.6683-08 
8.8788-01 
8 . ** 993-01 
0.0000 
0.0000 
0.0000 


Kuntosis 

1 . 0000*00 
1 .9099*00 
8.8981*00 

8.8176*00 

8.9779*00 

8.3899-00 

3.3888*00 

3.99|9*00 

O.OOOO 
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lAl it aid k t U.5 < iT < k * I2.s’s. Tho second column is 

tds auffliasr of cases folloetng Into each category. 
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Ctatrki B»ffl«ata tot- iivea t«op*ricur» dlstributioa. 
Tbast fotip tabled rater, reapectlvely, to 2(1*). P (f>. ^ (?)• “** 

P (5). The tlrat coluab ta the taopertture dltfereace elaaa tater- 
vala k add k ■*• 11.5 < AT < k * 12.3’K. The adcoad columa la 
the auaber of caaed followiag lato each eatesery* 
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P ' ;) Tba first coLumii is tbe tsi^sraturs dlffsrsacs class iatar> 
vals it aad k ♦ 11.5 ;< AT < !s * 12 . 5 '*K. Tbi sScoad columa is 

tbo lumber of cases foLlowiaij lito each category. 
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APPENDIX B. VACILLATING-CIRCULATIONS 


Th6 Basic States 


Sioiulatlons relating to large scale atmospheric motions have 
been performed experimentally, as opposed to numerically, using 
a rotating vessel containing a fluid which is differentially 
heated. The typical vessel is either an annulus or an open 
dlshpan, which does not have the central core. These Simula 
tlons yield both axlsymmetrlc and Irregular flow regimes which 
are. Illustrated In Figure A-1. A steady wave regime can also 
be established In an annulus. Fultz et al (1959) and Lorenz 
(1967) seem to Imply that the steady wave regime Is limited to 
the annulus; but Ride (1970) claims this is erroneous. 


The particular flow regime which Is established in the 
annular fluid depends upon two parameters: the rate of rotation 

of the system and the temperature differential maintained 
between the outer wall and the inner core. These parameters 
can be conveniently represented by two hondlmensional numbers 
which characterize the flow: The Taylor number 


Ta = 




where o is the rotation rate, Ar is a characteristic length 
and V Is the viscosity of the fluid; and the thermal Rossby 
number 



gdeAT 


» 


where g Is the acceleration of gravity, d is the depth of the 
fluid, AR is the width of the annular gap, AT is the temperature 
differential measufed externally and e is the coefficient 
of volume expansion. 


Using these two parameters, the flow regimes can be 
graphically represented as shown In Figure A-2a. Figure A-2b 



llustrates a result ftom an experiment (Fowlls and aide, 1965) 
to determine the boundaries ol each, regime. This last figure 
Should not be considered to be universal for the transition 
points betseen the different flow regimes as these values 
also depend on the Prandtl number. 

The basic flow regimes can also be classified as shown 

n Figure A-3. In this classification, the regular regime is 

subdivided Into regular waves and vacillation. Vacillation 

is a form of regular flow where certain characteristics of 

e ow vary either periodically or duasl-perlodlcally. 

^d as Shorn, in Figure .A-3, vacillation may take any of three 
casic foirms. 

Wave Form Vaoillatlon 

Wave form vacillation, or tilted trough vacillation 
was originally observed by Hide (1953) as a wavering in the 
Shape of the flow pattern. A complete cycle of this type 

tLirtf ‘I*® 

troughs tilt first one way and then the other, m this type 

of vacillation, one finds a regular change of wave shape and 
wave progression. 

This form of vacillation is observed to taka place In 
e transition from the steady wave regime to the Irregular 
flow regime. Lorenz (1963) has hypothesized that this form 
of yaclllatlon arises from the instability of the steady wave 
regime to small perturbations in the region of transition- 
and, further, he hypothesized that at higher rotation rates 
the vacillating flow is unstable to small pertubatlons giving 
rise to the irregular flow. Pfeffer and Chlang (196V) 
from the data of Fultz et al (1959) noted that "the rate of 
conversion of kinetic energy between the eddies and the mean 
zonal flow ... undergoes substantial fluctuations on magnitude 

s‘en, during this (vacillntlon) cycle."’ 
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It S66nd not unroasonablo to viow th© axisynifiiotrlc r©glin© 
as a barobllnic fluid which under increased rotation becomes 
unstable to only the most unstable mode of oscillation. This 
should follow from the linear theofies of baroclinic instability. 
Further increases in rotation will lead to th© instability of 
other modes of oscillation accompanied- by nonlinear interaction 
between the waves. Viewed in this manner, wave form vacillation 
is seen as the first manifestation of this nonlinear inter- 
action - taking place between the principle mode and the 
sonal current. 

The principle consequence of wave form vacillation for 
the atmospheric circulation appears to lie in the fact that 
this phenomenon shows the capacity of a fluid motion to 
sustain a strictly periodic fluctuation. Thus, this phenomenon 
lends some credence to the observations of quasi-per iodic 
fluctuations in the atmosphere, such as the index cycle. 

yave-Number Vacillation 

Fultz has been ascribed to have first noted wave-number 
vacillation in a dishpan experiment in the transition region 
between two adjacent steady wav© regimes (see Pfeffer and 
Chiang, 1965). Figure A-5b shows a wave pattern giving 
evidence of both wave dispersion and wave drift. According 
to Pfeffer and Fowlis (1968), the wave dispersion arises with 
the Simultaneous presence of adjacent wave numbers between 
which nonlinear interations are not immediately evident. 

Figure A-5a illustrates such a simultaneous presence of two 
Waves and should be compared with Figure A— 5b. 

In an experiment, which differs significantly from those 
discussed to this point, Snyder and Voutz (1969) produced 
wave number transitions In a periodic manner by sinusoidally 
varying the imposed temperature difference across the annulus. 
Again, such transitions occur only near a wave-number transit ion| 
point on the Ro,p-ia diagram. Figure A-6 shows various 
"Steady states" which resulted from this experiment. Snyder 
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and Tontz described tbe transition from a three wave pattern, 
A-6a, to two ware patterns as occurring In any of throe ways: 

(1) *-«» disappears entirely giving way to a circular Jet 

which, in. turn Is transformed by the appearance of tbe two 
lobe pattern A-0b! (2) one lobe becomes detached and drifts 
downstream unt.U-..lt coalesces with the next lobe resulting 
in pattern A-6c: pattern A-6 may become confused, with t e J 
disappearing entirely, and with pattern «d or 6e ultimately 
resulting. The return to the three wave pattern Involves 
slfniliir but not identical seijuenc^s. 

The applicability of these results to transitions between 
dominant wave numbers In the atmosphere Is uncertain. The 
asymmetric patterns such as described as wave dispersion are 
remenlscent of upper level patterns found In the 
atmosphere - perhaps Indicating the presence of more than one 
dominant wave number - but more likely related to the asymmetric 
land-sea distribution. Again, the experiment of Synder and 
Vontz appears to simulate some aspects of seasonal changes 
in the atmosphere but the experiment resulted in the conclusion ] 
that the seasonal cycle was too fast or the temperature 
gradients too weak to give rise to such wave-number transitions, 

Amplitude Vacillation 

Amplitude vacillation was apparently first described by 
Pfeffer and Chlang (1967). Figure A-7 shows typical cycles 
of this phenomenon. It is noted that the wave pattern can 
disappear entirely giving way to axlsymmetrlc flow. Thus, 
amplitude vacillation Is similar to the description of the 
index cycle, except that It Is a nearly periodic cycle whereas 

i 

thfe Iftdex cycle id not. 

Amplitude vacillation occurs near the transition between 
axlsymmetrlc and regular flow (Ketchum. 1972). It may be 
obtained by increasing the temperature gradient after a steady 
wave pattern has beer established or, as seen from Figure A-8, 




the rotation rate oan be decreased at a constant temi^erature 
difference obtaining Increasingly stronger amplitude vacillation. 
It has been suggested that "amplitude vacillation takes place 
well within the steady wave regime and that It is most 
pronounced at lower Taylor numbers, higher thermal Rossby 
numbers, and higher Prandtl numbers" (Pfeffer and Chlang, 1969). 

Pfeffer et al (1974) have discussed some of the synoptic 
features and transport properties of a fluid circulation under- 
going amplitude vacillation. Their study pointed out that 
tilted trough and amplitude vacillation not only differ In 
that no tilt of- the trough was observed in the latter but also 
in the energy cycles responsible for the phenomena. Tilted 
trough vacillation appears to result from conversions of eddy, 
kinetic energy to zonal kinetic energy whereas, 

amplitude vacillation depends on conversion between available 
potential and kinetic energy, (A^'^K^) andCA^-^-K^) . Consequently, 
amplitude vacillation has been viewed as a more strictly 
barocllnic process. 

The physical processes leading to amplitude vacillation 
imply a strictly barocllnic process. The applied temperature 
gradient produces available potential energy which is 
manifest as an Interior temperature differential that 
Increases during the axlsymmetrlc flow regime. As the Internal 
temperature gradient Increases, the thermal wind grows and 
perturbations begin to grow rapidly until the wave regime is 
established. The internal temperature gradient Is slgnlflcally 
reduced by the eddy transport of heat and the wave regime 
weakens. At this point the cycle begins anew. 


Related Atmospheric Studies 

The most promlnantly mentioned quasi-periodic 
flow property observed in the atmosphere is the so-called 
index cycle. In an index cycle the upper air circulation 
is supposed to oscillate between periods of strong zonal flow 
and periods of eddy dominated flow. The period of the cycle 



B-5 


muses between 3 to 8 weeks (Willett and Sanders, 1889). 

Figures A-9 shows a record ol the zonal index between November 
1936 and May 1938 as given by Namlas and Clapp (1951). However, 
when Julian. (I960) subjected such records to statistical analysis 
he had to ccnclude that '*... if a phenomenon so distinct as to 
be named 'the index cycle' has an existence apart from the 
shifts or displacements of the easterlies covering a very broad 
range of frequency characteristic of 'normal' atmospheric 
variability, the coherence statistic, ..., should confirm 
that existence. The data do not give evidence for such a 
confirmation." 

Yeh, Dao and Li (1959) noted a sudden shift in the dominant 
planetary wave number from three to four between the winter and 
summer Northern Hemispheric circulations and from four to three 
in going from Summer to winter. They proposed to e.xplain this 
by the weakening of the temperature gradient during the summer 
leading to the transition in circulation. This corresponds to 
the observed transition found in dishpan experiments; but, as 
noted before, Synder and Yontz (1969) conducting an e.xperiment 
with a sinusoidal variation of the temperature gradient concluded 
that the atmospheric seasonal variation was not great enough 
to lead to such a transition in wave number. Also, Yeh, Dao, 
and Li concluded that this effect should be more evident in the 
Southern Hemisphere; however, in the Southern Hemisphere Webster 
and Curtin have concluded from observations of balloons drifting 
near the 200 mb level that the dominant wave number undergoes 
transition but that wave number three dominates from December 
to February and also from June to August, March to May possesses 
a strong four wave pattern and September to November has a three 
or four wave pattern. Consequently, it appears that wave number 
transitions are probably not simply a response to increased 
temperature differentials between equator and pole. 
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Webster and Keller (1974) have observed from Southern 
Hemisphere balloon data an 18 * 24 day variation in the 
circulation. One possible explanation considered for this 
variation was that the circulation was responding to ah amplio 
tude vacillation; however, Webster and Keller (1975) found 
that barotroplc processes play too Important a role for this 
to be the case. Consequently, one has to look to other 
e.xplanations for this quasi-per iodic variation. 

Pfeffer and Chlang (1967) have cited a study by Winston and 
Krueger (1961) of a cycle of available potential energy observed 

between late December 1958 and early January 1959 as an 

example of amplitude vacillation. Figure A-IO taken from 
Winston and Krueger Illustrate the strengthening of the four . - 
wave pattern between December 26 and January 10. However, 
interestingly, the period frotd early January 1959 to late 
January 1959 has been noted by Palmen and Newton (1969) as a 
period of transition from a dominant four wave pattern to 
a dominant five wave pattern in a description remeniscent of 
Synder and Yontz's (1969) description of wave-number transitions 
In an annulus. 

Thus, while one believes that vacillation phenomena, 
as observed in geophysical experiments, should have a counter- 
part in the atmospheric circulation, no clear example is 
readily available. 

theoretical Studies Relative to Vacillation 

there have been several theoretical studies which are 
directly applicable to the phenomenon of vacillation. 

Lorenz (1962, 1963) using a simple mathematical model has 
investigated the mechanics of vacillation. He found that 
the occurrence of vacillation (wave* form vacillation) was 
due to the Instability of the steady Hossby flow. Considering 
Pfeffer and Chlang's (1967) description of this process as 
"kinetic energy vacillation" and its relationship to 
Harotropic processes, this form of vacillation may be a 


~Wlfe«lon Of the bwotropic Instability of Bossby wave 

aolin <»«<»»*»*<» by 

vacilla^^ Sollingaworth (1973). This coDttSction between 
vacillation and barotroplo Bossby wave instability does not 
appear to have been wade previously. Figure “u fror 

wave due to barotroplo Instability which has some of the 
hppearance of tilted trough vacillation. 

model"!rjr »i»Ple mathematical 

model to the study of amplitude vacillation.- Be was able to 

^ta in solutions which bear a_.remarhable rssemblence" to 

results Lrn«“*^°"’ “ ®’'°™ «<’»®ver. the 

results did not reveal the cause of the vacillation. 

put forthTts''®'°' ‘ 

P forth a theory of finite amplitude barocllnic waves which 
has most completely desci^ib^H which 

vaciii.tion „ J described the occurrence of amplitude 

simn ^ . Osing a two layer «uasi-geostroplc model 

* ** (1PS4), Pedlosky (1970) auaiytloall 

olved the system of model equations under certain simolifvin 

assumptions. When sufficient diss^o.t^ simplifying 

vuiiicient dissipation was included in the 

amollt d »»»* reached a steady, finite wave 

th!T‘ included the amplitudes 

Lci?i V ' ' found to 

oreainrr “'Pii‘«'ie oscillation was also found to be 
present for small values of dissipation. Following on this 
result. Pedlosky (1971) attempted to develop a theorrtr 
connect the steady and the oscillating regimes. In so doing 

amourr”*". “^^^ipniino i® small enough the 

^Plitude oscillation may approach a limit cycle and tils 

be independent of the initial conditions. Pedosky a9«r’ 

later explored the limit cycles of the unstable baroclLL 

™ves further. Smith (1974) noted that the deliberate 

sp«Ioui°LLtl" introduced a 

kinetic energy source which could have been responsible 
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for the. limit cycle solution; and, hence, he called into 
question the relevance of Pedosky's study. However, further 
study has convinced Smith (1975) that Pedlosky's results 
were indeed correct. 

Aoplication to Study 

Vacillation has been observed in geophysical experiments, 
has been noted in numerical circulation models, and has 
received the attention_of several theoretical studies. However, 
there appears to be no well documented synoptic cases. The 
advantage of geophysical fluid experiments, other than the 
obvious abilit.y to unify our concept of fluid responses to 
rotating systems, is to isolate specific processes, such as 
baroclinic instability and vacillation, from the complexities 
of the irregular flow_ If one assumes the general circulation 
to be an irregular flow- regime, then vacillation may yield 
an insight into some of the processes active during the 
amplification and weakening of atmospheric waves or during 
wave-number transitions in the atmosphere. Possible synoptic 
cases of vacillation should, however, be sought and subjected 
to study. 

On -the theoretical side, it would appear feasible to 
at least for.mulate the barotropic Rossby wave instability 
problem in terms of the annulus e.xperiment. Then one could 
determine the form the resulting unstable waves would take in 
this coordinate system to compare with the cases of vacillation. 
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Flow regime dependroce on Taylor number Ta and 
thermal Roseby - ,er Ro^: (a) general (Pfeffer 

and Chiang 196b b. eiperiiflen tally determined 
(Fowlis and Hide, 1965) 
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Figure B-3. Classification of flow regimes in an annulus 
(Hide, 1969) 
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Figure B-7. Examples of amplitude vacillation: (a) five-wave 

(b) four-wave (Pfeffer and Fowlis, 1968) 










Figure B-8. The establishment of amplitude Vacillation by 

decreasing the totation rate (Fowlis and Pfeffer, 
1989) 
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Figure B-9. IiKlex cycle (Namias and Chapp, 1951) 





Figure B-10. Synoptic example of amplitude vaclllatlou (Wlnstou 
and Krueger, 1961) 















Igure A-11. Steady Roesby .vayes (a) undergoing barotropic 
Igure a xx (b) (Lorenz, 1972) 
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